Comparison of nucleotide sequences from different classes of vertebrates that diverged more than 300 million years ago, revealed the existence of highly conserved regions (HCRs) with more than 70% similarity over 100 to 1450 nt in non-coding parts of genes. Such a conservation is unexpected because it is much longer and stronger than what is necessary for specifying the binding of a regulatory protein. HCRs are relatively frequent, particularly in genes that are essential to cell life. In multigene families, conserved regions are specific of each isotype and are probably involved in the control of their specific pattern of expression. Studying HCRs distribution within genes showed that functional constraints are generally much stronger in 3'-non-coding regions than in promoters or introns. The 3'-HCRs are particularly A + T-rich and are always located in the transcribed untranslated regions of genes, which suggests that they are involved in posttranscriptional processes. However, current knowledge of mechanisms that regulate mRNA export, localisation, translation, or degradation is not sufficient to explain the strong functional constraints that we have characterised.
INTRODUCTION
While constraints that affect the rate of accumulation of nonsynonymous mutations in the coding part of genes are quite well understood, little is known about those affecting non-coding regions, that are often considered as neutral. The non-coding regions (NCRs) of a gene include the 5' flanking (untranscribed) region (5'-FLR), 5 ' untranslated region (5'-UTR), 3 ' untranslated region (3'-UTR), 3'-flanking region (3'-FLR), and introns.
Interestingly, numerous authors have described genes with very high conservation in non-coding sequences between distantly related species. Yaffe et al. (1) were the first to discuss this phenomenon; they have shown that portions of the 3'-UTRs of skeletal muscle alpha-actin and cytoplasmic beta-actin had been preserved since the divergence of mammals and birds and that the conservation was specific of each actin isotypes. Striking examples of conservation between mammals and birds include the dystrophin gene 3'-UTR, that contains three regions of respectively 473, 113 and 343 nt with more than 80% similarity (2) , the histone replacement variant H3.3 gene entire 3'-UTR (520 nt) with 85 % similarity (3) or the insulin-like growth factor I 5'-NCR (80% over 450 nt) (4) . We recently reported the existence of an exceptionally long conserved region (82 % similarity over 930 nt) in the 3 '-UTR of the human and chicken BTG1 antiproliferative genes (5) . Such a conservation implies a strong selective pressure. However, long regions with high sequence similarity are generally not associated with binding sites of regulatory proteins, which generally require less specificity over a smaller region. Various steps of gene expression involve the binding of factors on short signals (TATA-box, polyadenylation signal etc ...) or the formation of particular RNA spatial structure such as the stem loop structure at the end of replication dependent histones mRNAs (6) . However these mechanisms involve sequences that are much shorter than the conserved NCRs mentioned above. A study of 11 mammalian genes has shown that introns, 3 '-FLR and fourfold degenerate sites evolve almost at the same rate as pseudogenes (0,5 % per million years) that are thought to be free of any selective pressure, 2.5 times faster than 5'-FLR, 5 '-UTR and 3'-UTR and 5 times faster than non-degenerate sites (7) . This variability of evolutionary rates between each part of genes reflects the different functional constraints that operate on it (7). However, the isolated examples of high conservation that have been reported, do not allow to draw conclusion about their function.
Since the estimated rate of accumulation of neutral point substitution during evolution is about 0,5 % per million years (My) (7) , the sequence similarity between species that diverged 300 My ago in DNA regions which are not subject to selective pressure should be about 30% (after correction for multiple substitutions), approximately the same as between unrelated sequences. The evolutionary distances between mammals and birds, amphibians or fishes are respectively 300 My, 360 My and more than 420 My (8, 9) . Therefore, these distances are well appropriated to detect regions that are subject to a strong selective pressure. Thanks to the growing amount of published vertebrate sequences available through databases, it is now possible to systematically search for highly conserved regions and study the constraints that affect non-coding sequences.
With this objective, we reviewed all the genes included in GenBank database which contain long portions of their non-. 1993 Oxford University Press osteochthyes, chondrichthyes and agnatha). We compared the three databases with each other with blastn (basic local alignment search tool-version for nucleic-acids sequences) (12) . The cutoff score (S) for reporting pairs of homologous sequences was set to 150, with [S = 5xA-4xB] where A is the number of identical nucleotides between the two sequences and B is the number of mismatches. Homologous 3' non-coding region were then aligned with CLUSTALV (13) . The similarity was calculated as 100 x the ratio between matching nucleotides and total number of nucleotides in the sequence. Each gap was scored as one mismatch and therefore was counted as one nucleotide in the overall calculation of the length of sequence. In order to delimit the regions of at least 100 nt with 70% similarity or more, we drew the profile of homology between two sequences by computing the similarity on a 100-nt window moving along the alignment at 10-nt intervals. The same procedure was applied to all 5' non-coding regions and introns of at least 100 nt.
Search for orthologous protein genes All complete vertebrate coding sequences from GenBank were translated, and the couples of homologous protein genes from different classes of vertebrates were searched with blastp (12) . Then couples of homologous but not orthologous genes were eliminated on the basis of information included in GenBank. In an attempt to conserve only orthologous genes, those which could not be clearly identified among different members of a multigene family were also discarded.
Sequence analysis
Sequence analysis (G + C content, search for ORF etc.....) were performed with Analseq (14) . The isochore in which a gene is located was predicted according to its G+C-content in codons third position (G+C%JJI) as previously described (15): G+C%III < 57% for L1I+-L2 isochores, G+C%III < 75% for Hl +H2 isochores, G+C %III -75% for H3 isochore. fig. 1 ). Therefore, the conservation that we observed does not concern the entire geine and cannot be attributed to somine structural features of a chronmsomal domain that would protect DNA froim muttations. (21) 51,2% (22) enzyme, hormnone or hormone receptor 5,1% (2) Thirdly, we observed that HCRs are not evenly distributed in the gene: they are predominantly found in the 3' NCRs, where they are much longer than those in 5'-NCRs (table 2) . In a significant number of cases (> 10%), the similarity in 3 '-HCRs is even higher than in the coding part of the gene. There is a bias in the database since the number of 3'-NCRs longer than 200 nt sequenced in two different classes is almost twice as for 5'-NCRs. However, the average common sequenced length in 5'-and 3'-NCRs is approximately the same (respectively 792 and 665 nt). Therefore, this bias cannot account for the difference in frequency of 5' and 3' HCR-containing genes (17% versus 30%) nor for the difference between the ratio conserved/total common sequence length (5 % versus 17 %). HCRs appear to be even scarcer in introns (1 HCR found among 19 genes). This means that there is generally a stronger selective pressure to preserve the sequence of 3'-NCRs than of 5'-NCRs or introns. This finding is unexpected because it is generally thought that the most important regulatory non-coding region is the promoter.
RESULTS AND DISCUSSION
One other notable feature of 3'-HCRs is that they are always located in the transcribed part of 3 '-NCRs. We did not find any significant conserved region in 3'-flanks, and among the 13 couples of 3'-HCR-containing genes for which at least 100 nt of the 3'-flank had been sequenced in two species (390 nt in average), the conserved regions never extended more than 30 nt after the polyadenylation site. Together with the fact that HCRs are very rare in introns, this indicates that there exists a constraint that operates on the mature mRNA and not at the pre-mRNA or DNA levels. Thus we can infer that the 3'-HCRs are involved in post-transcriptional mechanisms.
Evolution of highly conserved regions HCRs are detected even between the most distantly related classes of vertebrates (except agnatha that are poorly represented in GenBank): the Na +/K + -ATPase beta-subunit gene contains in its 3 '-UTR a HCR of 400 nt between mammals and osteochthyes that diverged more than 420 My ago ( fig. la, [8]) . However, table 2 shows that conserved regions are scarcer and, in average, smaller as species are more distantly related. To confirm this result, we searched in our list for HCR-containing genes that have been sequenced in at least 3 different vertebrate classes. In 12 cases among 18, homology was detected between all classes with the strongest conservation observed between mammals and birds, except for beta nerve growth factor [53] and alpha 1 type II collagen [25] ; in the 6 other cases, homology was detected between mammals and birds but not between more distantly related classes. This can be explained by the fact that similarity is already weak between mammals and birds and cannot be detected anymore with fishes or amphibians (e.g. neuropeptide Y [62] ). An alternative explanation can be that genes are not really orthologous: for example a duplication of the skeletal muscle alpha-actin ancestor gene arose in the amphibian lineage, leading to at least two distinct skeletal isotypes that are not strictly comparable to their single mammalian counterpart (20) [39] . All these results show that HCRs are slowly evolving sequences that diverge from a common ancestor and allow to reject the hypothesis that they are due to virus-mediated horizontal gene transfer or to experimental artefact such as recombination with contaminant DNA during cloning.
Many of the HCR-containing genes are known to belong to multigene families that arose by successive duplications of ancestor genes. Interestingly, whereas related genes sometimes code for isoforms that are very similar at the protein level, we found that their non-coding sequences are specific of each isotype (except for N-and S-myc [5] , Hoxl. 1 and Hox2.3 [74, 86] ) (see table 1 ). The most striking examples are the calmodulins and replacement variant histones H3.3. Mammalian H3.3A and H3.3B genes code for the same protein and yet have distinct 5' and 3' regions. In both genes the entire 3'-UTRs (>500 nt) remained highly conserved (>80% similarity) since mammals and birds divergence (21, 3) [9, 12] . This multigene one-protein principle is also observed for vertebrate calmodulins: in mammals and toleost fishes there are respectively three and four distinct genes that code for exactly the same protein (22, 23) . Of these, there is at least one for which the 3'-UTR has been exceptionally conserved (80% similarity over 550 nt) between mammals, birds and amphibians [10] . If these genes were truly redundant, one should expect that some of the copies would have been lost during such a long period of evolution. If the presence of multiple copies arose from necessity of high protein production, one should predict the conservation of the number of copies but not of each one specifically, particularly because mechanisms of conversion between homologous sequences are relatively frequent in vertebrates (24) . Therefore, these multiple genes are probably maintained because each one has a specific expression in response to different stimuli. The presence of specific 3'-HCR in such genes is thus particularly meaningful and suggests a role of 3'-HCRs in the unique pattern of expression of each member of multigene families.
3'-HCRs are preferentially found in genes that are essential to cell life In order to get insight on the potential function of conserved sequences, we searched if the presence of HCRs was associated with a particular expression pattern. We classified HCRcontaining genes in two groups: genes expressed in a wide range of tissue and genes with limited or tissue-specific expression. Information about the expression of genes was extracted from OMIM database (Victor A.McKusik's catalogue of cTenes, accessed through GDB, 25) oI from papers givNen in reference in GenBank. The most important feature is that 3'-HCRs are clearly associated with widely expressed genes (Xl 11 .06) ( The basal cellular mechanisms are probably similar in all vertebrates whereas differences appear at higher level of organisation (tissues, organs...). It is thus not surprising that the regulation of genes involved, for example, in the hormonal system may have radically changed since the divergence of vertebrates, whereas mechanisms of regulation of the genes that are essential to cell life, have remained the same. What these results show is that these latter mechanisms of regulation often involve the 3'-UTR and operate at the post-transcriptional level.
Compositional properties of HCRs
In order to see if HCRs have particular structural properties, we compared the nucleotide composition of conserved and nonconserved regions. We observed that while 5'-HCRs have the same composition as non-conserved regions that surround them, 3'-HCRs are strongly enriched in A +-T; not only are they richer than 3'-NCRs that do not contain HCR (64% Nersus 54% A+T in mammals and birds), but also than non-conserv ed regions that surround them (58% A+-T). This difference is mostly due to an excess of T (U) in the transcribed strand (34% in 3'-HCRs versus 27% in 3'-NCRs that do not contain HCR). Mouchiroud et al. (15) have shown that the G+C-content of each part of genes is subject to high scale compositional constraints that affect large chromosomal domains (> 100 kb). These long regions of either high, medium or low G+C-content are termed isochores (26) (respectively H3, Hl +H2, LI +L2). We observed that 3'-HCRs are found in G+C-rich as well as in G+C-poor isochores. However, whereas the A + T content of non-conserved 3 '-NCRs varies according to the isochore (from 46% in avrerage in H3 to 64% in Ll +-L2), 3'-HCRs remain A+T rich in all isochores (64-65 %). These results suggest that the A +T-richness of 3'-HCRs corresponds to a functional requirement. (27) . these limited data suggest that their primary sequences are generally not subject to strone conistr-aints. [7] and transferrin receptor (TfR) [16] . The c-fos 3' mRNA destabilizing element has been thoroughly studied, and was recognised as centred around a 75 nt A+ T-rich sequence (32) . However, the c-fos 3'-HCR covers more than 650 nt and thus cannot be fully explained by this relatively short signal (see fig. la ). The best understood case is the TfR mRNA (reviewed in 29). The cis-acting regulatory sites within the 3'-UTR have been mapped by detailed deletion and mutation analysis; they correspond to two A+T-rich HCRs of respectively 200 and 250 nt separated by a dispensable segment whose length has not been conserved during evolution (see fig. la ). The first HCR contains 2 IREs (the same structure as the one found in the 5'-UTR of ferritin mRNA described above) and a stem loop structure, while the second encompasses 3 additional IREs (33) . In cells grown in a medium with high iron content, the stem-loop in the first HCR confers a high turn-over rate to the TfR mRNA, whereas in an iron-depleted medium IREBPs are activated and bind at least four of the five IREs in a 1:1 stoichiometry, thus protecting TfR mRNA against degradation (34, 35) . This example is interesting in clearly demonstrating the link between a long highly conserved non-coding region and its function in post-transcriptional regulation through the formation of adjacent small stem loop structures. Several data suggest that many of the 3 '-HCRs that we found may also correspond to cisacting determinant of mRNA stability. First, several other 3 '-HCR-containing genes are known to be regulated at the level of mRNA stability: N-myc (36) [5] , ornithine decarboxylase (ODC) (37) [23] , cyr-61 (38) [63], c-myb (39) [38] . Furthermore, as already mentioned, many of the genes that we found code for regulatory proteins which mRNAs are expected to have a short half-life in order to allow a fine tuning of their expression. Finally, the common feature of the cis-acting destabilizing elements that have been characterised to date is their A+T-richness (30) , which is also a feature shared by most of 3'-HCRs.
It is however clear that this model cannot account for all the 3'-HCRs that we detected. First, as pointed out by Lemaire et al. (2) , it is not expected that the very large dystrophin gene [2] , which transcription takes about 20 hours, is regulated at the level of mRNA stability. Furthermore 42) . mRNA sorting is an active process that involves the cytoskeleton (43) . In all cases studied to date, this process is mediated by cis-acting sequences in the 3'-UTR (44) . Interestingly, it has been shown that 53 nt from the proximal portion of the 3'-UTR of the beta-actin gene were sufficient to confer specific subcellular localisation to an otherwise non-localised reporter transcript (44) . Unfortunately, the authors have not published the exact position of this signal; it would be meaningful that it resides in the HCR found at the beginning of the 3'-UTR [43] .
The mRNAs of two other 3 '-HCR-containing genes have been shown to be localised in differentiated cells: vimentin (45) [26] and myosin heavy chain (46) [42] . These examples support the hypothesis that 3'-HCRs may also be involved in the control of mRNA localisation. It would be interesting to test this model with the numerous 3 '-HCR-containing genes that encode cytoskeletal proteins which localisation is probably essential for control of cellular morphology. Moreover, this hypothesis suggests a possible role for the existence of multiple genes coding for the same protein: their specific 3'-UTR may target each mRNA to a particular cellular localisation, thus giving a specific destination to the protein. Thus, the level at which each isotype is expressed would participate to the establishment of cellular morphology. mRNA translation. Another potential role for 3'-HCR is the control of mRNA-translation. It has been reported that A+T-rich sequences in 3'-UTRs such as the one that confer instability to c-fos mRNA, have also an inhibitory effect on translation in Xenopus oocytes (47) . The mechanisms by which 3 '-UTR influence translation are not understood, and thus the link between sequence conservation and function remains obscure. The ODC gene has an A+T-rich, highly conserved 3'-UTR [23] and, as already mentioned, its expression is regulated at the level of mRNA stability. Interestingly, it has also been shown that its 3'-UTR strongly influences the efficiency of translation (48), which raises the possibility that a HCR might correspond to several adjacent signals involved in different mechanisms. mRNA nucleo-cytoplasmic export. Finally, though poorly documented, we must mention the potential role of 3 '-HCRs in the nucleo-cytoplasmic export of mRNA. This is an active process that involves the poly(A) tail (49) . Interestingly, recent experiment have shown that a protein, named A + U binding factor (AUBF), accelerates the nuclear export of mRNA containing an A+T rich sequence in their 3'-UTR (50).
CONCLUSIONS
We have shown that non-coding sequences can be subject to a strong selective pressure. Interestingly, whereas most attention is generally focused on the control of transcription, we found that selective constraints are stronger on transcribed 3'-NCRs than on any other non-coding regions, even promoter sequences. This stresses the importance of post-transcriptional events in control of gene expression. Our results suggest that such mechanisms have been conserved during vertebrates evolution principally for genes that are essential to cell life. The control of these post-transcriptional mechanisms is so important that in some cases, multiple genes encoding a same protein have been maintained in order to allow a response to various stimuli or to target mRNA to specific localisation through different 3'-UTRs.
However, whereas our work allowed to reveal non-coding regions of functional importance, very little is known about the precise mechanisms in which they are involved. None of the different post-transcriptional steps can account for all the 3 '-HCRs that we found. The A + T-richness of 3 '-HCRs probably reflects a functional requirement, but this does not give much information since A + T-rich sequences in 3'-UTR have been shown to be involved in many different processes (see above). The only well understood case is the TfR mRNA 3 '-UTR that contains six stemloop structures playing a role in the control of its stability. Even though, the total length of these six elements is about 200 nt whereas the conserved region spans 450 nt. The role of theses additional conserved sequences is unknown. The length of the other known cis-acting elements (c-fos destabilizing sequences, beta-actin localiser signal) is under 75 nt. This contrasts with the average length of mammalians/birds 3'-HCRs which is near
